Resistance in tomato to the bacterial pathogen Pseudomonas syringae pathovar tomato requires Pto and Prf. Mutations that eliminate Prf show a loss of both Pto resistance and sensitivity to the organophosphate insecticide fenthion, suggesting that Prf controls both phenotypes. Herein, we report that the overexpression of Prf leads to enhanced resistance to a number of normally virulent bacterial and viral pathogens and leads to increased sensitivity to fenthion. These plants express levels of salicylic acid comparable to plants induced for systemic acquired resistance (SAR) and constitutively express pathogenesis related genes. These results suggest that the overexpression of Prf activates the Pto and Fen pathways in a pathogenindependent manner and leads to the activation of SAR. Transgene-induced SAR has implications for the generation of broad spectrum disease resistance in agricultural crop plants.
Genetic analyses of plant disease resistance have demonstrated that resistance is controlled by single resistance genes in the host that specifically recognize pathogen strains containing complementary avirulence genes (1) . Avirulence genes encode pathogen elicitor molecules that are either directly or indirectly recognized by the product of the corresponding plant disease resistance genes and specifically control the induction of plant host defenses to a narrow range of pathogens. The biochemical events responsible for plant disease resistance remain elusive, but recognition at the site of infection induces a signaling cascade resulting in changes in plant gene expression that leads to hypersensitive cell death in host cells and inhibition of pathogen growth (2) . Expression of the local hypersensitive response (HR) also activates systemic acquired resistance (SAR), which results in nonspecific plant immunity to a broad range of pathogens in the distal portions of the plant (3) .
A number of resistance and avirulence genes have been cloned from a wide variety of plants and pathogens respectively. The predicted protein products of most avirulence genes share very little homology with each other or with known protein sequences in several databases (4) . On the other hand, resistance genes show a high degree of similarity, even though they are involved in resistance to a diverse array of pathogens (5, 6) . The majority of resistance genes cloned to date contain both a nucleotide-binding site and a carboxy-terminal leucine-rich repeat domain. These genes are often referred to as the ''NBS͞LRR'' superfamily of plant disease resistance genes. Although complementary pairs of resistance and avirulence genes have been cloned for several plant-pathogen interactions, the molecular events that define specificity have yet to be elucidated.
The cellular location of the receptors, hypothesized to be the protein products of resistance genes, should reflect the cellular location of the avirulence component. One class of resistance genes, predominantly responding to fungal pathogens, carry an amino terminal signal motif and a transmembrane domain, which would place the leucine-rich repeat region extracellularly (7) (8) (9) . The avirulence components associated with these resistance genes do not enter the plant cell but rather are presumed to bind to the receptor extracellularly to induce disease resistance. Recent studies with these resistance genes suggest that the specificity of this resistance response lies within the extracellular leucine-rich repeat region (10) .
Plant bacterial pathogens appear to carry a type III protein secretion system (11, 12) that has been shown in animal bacterial pathogens to be involved in the delivery of bacterial proteins directly into the host cell (13) . Thus, it is hypothesized that the type III secretion system in phytopathogenic bacteria is involved in the delivery of bacterial proteins into the plant cell that are recognized intracellularly by the product of plant disease resistance genes. Furthermore, the transient introduction of bacterial avirulence proteins into the plant cell are sufficient to induce plant defenses (14, 15) , providing further evidence that bacterial avirulence proteins are most likely recognized inside the plant cell.
Resistance in tomato to the bacterial pathogen Pseudomonas syringae pathovar tomato (P. s. tomato) is dependent on the tomato resistance genes Pto and Prf (16, 17) . Pto encodes a protein kinase with serine-threonine specificity (18) . Prf is a member of a superfamily of plant disease resistance genes that contain leucine-rich repeat and nucleotide-binding site protein motifs (19) . The specific interaction of AvrPto, the avirulence protein from P. s. tomato (20) , and Pto (15, 21) is presumed to initiate a kinase cascade that ultimately activates plant defenses. Mutations in Prf simultaneously display a loss of avrPto-specified resistance and a loss in sensitivity to the organophosphate insecticide fenthion, which also requires the Fen gene, a Pto-related kinase (22) . Current hypotheses suggest Prf acts in concert with Pto and Fen or more likely acts downstream of Pto and Fen to induce signal transduction events leading to plant resistance.
Recognition of an avirulent pathogen by the plant results in the local induction of plant defenses and the systemic induction of SAR. The activation of SAR is associated with increased levels of salicylic acid in distal regions of the plant (23) . The introduction of salicylate hydroxylase, a bacterial protein that converts salicylic acid into the inactive form catechol, into plants results in the loss of both SAR (24) and local resistance (25) associated with the recognition of an avirulence protein. The mechanism by which salicylic acid functions is still unclear, but the systemic spread of SAR may be associated with the spread of microscopic HRs throughout the plant after recognition of an avirulent pathogen (26) , which could function to activate salicylic acid production.
Also associated with SAR is the systemic activation of pathogenesis related genes (27) . SAR can be activated by a specific avirulent pathogen; however, it functions against a diverse range of virulent pathogens.
One of the major goals of designing effective strategies for broad spectrum plant disease resistance has been to exploit the SAR pathway by either chemical or genetic means. Constitutive induction of the SAR pathway has been achieved through the application of the chemical inducers 2,6-dichloroisonicotinic acid (28) and benzothiadiazole (29) and the isolation and characterization of plant mutants that constitutively induce the SAR pathway (30) (31) (32) (33) (34) (35) . The induction of SAR in these mutants is often associated with the activation of the HR that leads to the development of localized cell death throughout the plant (30) (31) (32) (33) . Such lesion-mimic mutations have been effective in designing resistance to powdery mildew in barley (36, 37) ; however, the formation of cell death lesions must be tightly regulated to avoid uncontrolled cell death throughout the plant. Dwarfism also is commonly associated with mutations that constitutively induce SAR (34, 35) . A challenge for genetic engineering has been to develop plants that can express the SAR pathway without such deleterious side effects.
Considering that Prf is presumed to function downstream of the avrPto recognition event, we hypothesized that overexpression of Prf could lead to the constitutive activation of this defense pathway and thus provide a tool for engineering transgene-induced SAR. Here, we report that low levels of Prf mRNA overexpression are sufficient for the induction of SAR but insufficient for activation of HR. Furthermore, fenthion sensitivity is increased in plants that overexpress Prf mRNA, however avrPto-specified resistance is unaffected.
MATERIALS AND METHODS
Pathogen Strains and Plant Lines. The P. s. tomato strains used in this study were DC3000, a strain that carries avrPto and T1, a strain that lacks avrPto activity. DC3000 and T1 were kindly provided by D. Cuppels (Agriculture Canada Research Center, London, ON Canada) and G. Bonn (Harrow Research Station, University of California, Davis), respectively. Xanthomonas campestris pv. vesicatoria strain 56 and Ralstonia solanacearum strain 82 were kindly provided by B. Stahl (University of Florida, Gainesville) and L. Sequiera (University of Wisconsin, Madison), respectively. Septoria lycopersici strain 810C was kindly provided by D. Hillard (New York State Agricultural Experiment Station, Cornell University, Ithaca). Tobacco Mosaic Virus (TMV) was acquired from greenhouse grown plants naturally infected with the virus.
The tomato varieties Rio Grande, VF36 and Moneymaker were used in this study. VF36 and Moneymaker both lack the Pto resistance gene, although they are presumed to carry a functional Prf. The Rio Grande 76R used in this study carries the Pto resistance gene and has been referred to as wild-type throughout this work. The Prf mutant prf-3 that shows a 1.1-kb deletion was used for transformation. prf-3 was generated by fast neutron mutagenesis of the wild-type Rio Grande 76R.
Plant Transformation and Organization of T-DNA Inserts. pSOR2-7, a pCDL04541 T-DNA vector containing plant DNA subcloned into the BamHI site (19) was transformed into tomato varieties Rio Grande prf-3 and VF36 by using Agrobacterium tumefaciens strain LBA4404. pSOR2-7 was shown to carry the Prf gene through complementation of the prf-3 mutant with this cosmid (7) . Positive plant transformants were identified through selection on kanamycin (250 g͞ml) and verified by DNA blot analysis. To assess the number of copies of Prf inserted into the plant transformants, the DNA flanking the inserts was analyzed. The pCDL04541 T-DNA vector that was used in the transformation has a unique EcoRI site on the left border side of the inserted plant DNA. To identify each T-DNA insertion, genomic DNA was digested with EcoRI, and analyzed by DNA blot analysis by using a probe from the left border of the T-DNA. Each point of insertion can be identified by its unique bands. For the insert 1͞insert 2 (I1͞I2) transformant (T0) 100 progeny (T1) from a self-cross of the original transformant were screened for their T-DNA insertions. Two sets of two bands cosegregated, suggesting two-unlinked insertional sites and because each site has multiple bands then each site must contain multiple copies of the T-DNA.
Fenthion and Pathogen Screens. Growth curves and the fenthion assays were conducted as described (38) . P. s. tomato was used at a concentration of 1 ϫ 10 3 colony-forming units (cfu)͞ml for growth curves and 5 ϫ 10 4 cfu͞ml for disease assays. P. s. tomato disease was assayed by pipette infiltration into the mesophyll of individual intact leaves. Disease symptoms were scored 5 days after inoculation. Growth curves using X. c. vesicatoria were initiated by vacuum infiltrating plants with bacteria at a concentration of 1 ϫ 10 5 cfu͞ml. R. solanacearum was inoculated into the vascular tissue of tomatoes at a concentration of 1 ϫ 10 9 cfu͞ml by injecting 25 l glass pipettes, previously dipped into the bacterial solution, into the stem at the soil surface. Twelve days after inoculation, the stem was cut every 3 cm from the inoculation point and touched onto Pseudomonas agar F (Difco). Plates were grown for 2 days at 28°C. To quantitate the number of bacteria in the stem, 0.1 gm of stem tissue was isolated, ground in 10 mM MgCl 2 and dilutions were plated on Pseudomonas agar F with rifampicin 100 g͞ml (a rifampicin resistant strain of R. solanacearum was used in this experiment). Bacterial colonies were counted after 2 days at 28°C. TMV inoculum was obtained by grinding TMV-infected tomato leaves in 10 mM potassium phosphate, pH 7.0, with celite. Lower leaves of 5-wk-old tomatoes were brushed immediately with this inoculum. After 10 days, RNA was isolated from upper leaves. S. lycopersici was maintained on potato dextrose agar in the dark. Spores were obtained by flooding plates with water. Plants were infected with S. lycopersici by brushing leaves with spores at a concentration of 1.5 ϫ 10 6 spores͞ml. The plants were kept under plastic to maintain high humidity levels for 4 days. Disease levels were scored after 7 days.
Introduction of NahG. Salicylate hydroxylase (NahG) had previously been transformed into the tomato line Moneymaker (39) . NahG-containing plants were crossed with I2 and the F1 of this cross was tested for the enhanced resistance. The presence of NahG and I2 in these plants was verified by DNA blot analysis. Because I2 is in tomato variety Rio Grande, the loss of the enhanced resistance could be a function of NahG or the introduction of a Moneymaker background. To control for this effect, I2 was crossed with wild-type Moneymaker and the progeny tested for the enhanced resistance. No difference in growth of virulent P. s. tomato was observed in these plants as compared with I2.
Salicylic Acid Quantitation. Plant tissue (0.5 g) was collected from axenically grown plants. Wild-type plants were induced for SAR by hand inoculating lower leaves with DC3000 at 1 ϫ 10 8 cfu͞ml and upper leaf tissue collected 48 hr later. Both free and total salicylic acid, after hydrolysis with ␤-glucosidase, were quantified by using HPLC (40) .
RESULTS

Identification of Plants that Overexpress
Prf mRNA. We screened VF36 and prf-3 mutant plants transformed with a cosmid containing Prf for enhanced Prf mRNA expression levels and resistance to T1, a normally virulent strain of P. s. tomato. Seven independent transformants showed both increased Prf mRNA expression and resistance to T1 (data not shown), indicating that Prf overexpression mediates enhanced disease resistance. In four of these plants, Prf mRNA overexpression appears to be a function of multiple insertions of the T-DNA. The transformant showing the highest level of Prf mRNA expression, a prf-3 transformant, contains two unlinked multi-copy T-DNA insertion sites (see Materials and Methods and Fig. 1a) . Plants homozygous for either insert were isolated from a self-crossing of the original transformant (Fig. 1a) . Those containing T-DNA I1 and I2 exhibited a 1.5-and 6-fold increase, respectively, in Prf mRNA expression over wild-type plants. In contrast, plants carrying both I1 and I2 T-DNA inserts (I1͞I2) show a 10-fold increase in Prf mRNA expression (Fig. 1b) .
The Effect of Prf mRNA Overexpression. Overexpression of Prf mRNA causes increased fenthion sensitivity (Fig. 2a) and enhanced resistance to P. s. tomato T1 (Fig. 2 b and c) but has no effect on avrPto-specified resistance (data not shown). The overexpression of Prf mRNA does not appear to lead to any additional phenotypes. Plant growth and fruit production are equivalent to wild type. Furthermore, no HR-like lesions at the macroscopic or microscopic levels were observed in I2 plants (data not shown). Because SAR leads to immunity to virulent pathogens, the enhanced resistance to the virulent pathogen P. s. tomato T1 suggests that the overexpression of Prf leads to the constitutive activation of SAR.
Plants with the Highest Level of Prf Expression Show Gene Silencing of Prf. Within a population of plants homozygous for both inserts (I1͞I2), 50% revealed no Prf mRNA, neither the full length mRNA species or the prf-3 deletion mRNA species (I1͞I2-, Fig. 1b ). This result is presumed to be a function of transgene silencing induced by the overexpression of Prf. Transgene silencing is a common phenomenon in transgenic plants that results in the simultaneous loss of expression of the transgene and the corresponding native gene (41) . Transgene silencing is induced by high expression levels of the transgene, which can be generated from high expression promoters, or multiple copies of the T-DNA (42, 43) . Of 22 I1͞I2 plants silenced for Prf mRNA expression that were analyzed, all were susceptible to P. s. tomato strains carrying avrPto, were insensitive to Fenthion, and did not show the resistance to P. s. tomato T1. These results are phenocopies of Prf loss of function mutants (17) and suggest that the overexpression of Prf is required for the enhanced resistance to virulent P. s. tomato T1.
The Enhanced Resistance to T1 Cosegregates with Prf mRNA Overexpression. The transgene silencing was used to show cosegregation of Prf overexpression with the enhanced resistance to virulent bacteria. Fourteen I1͞I2 plants were analyzed for resistance to P. s. tomato T1, a virulent strain and DC3000, an avirulent strain carrying avrPto. The expression level of Prf mRNA was assayed for each plant. The enhanced resistance phenotype only occurred in transgenic plants that expressed high levels of Prf mRNA (Fig. 3) . Plants not expressing Prf mRNA did not display enhanced resistance to T1 or resistance to DC3000. A single transgenic I1͞I2 plant (Fig. 3a, lane 7) expressing only wild-type levels of Prf mRNA, did not exhibit resistance to T1 but was resistant to DC3000. Thus wild-type levels of Prf mRNA are sufficient to induce avrPto-specified resistance, but high levels of Prf mRNA are required for enhanced resistance to the virulent strain T1. Transgene silencing has a high degree of specificity, and the cosegregation of Prf mRNA overexpression with resistance to T1 provides strong evidence that Prf overexpression is responsible for the enhanced resistance phenotype.
Prf mRNA Overexpression Leads to the Induction of SAR Markers. To confirm that the enhanced resistance resulting from Prf overexpression is a function of the activation of SAR, we tested a number of markers of SAR in I2 plants. Increased salicylic acid levels and pathogenesis-related (PR) gene expression correlate with the induction of SAR (23, 27) . Furthermore, constitutive expression of PR1 in tobacco leads to increased tolerance to the fungal pathogens Peronospora tabacina and Phytophthora parasitica (44) . Both PR1 and PR2 are constitutively expressed in I2 and I1͞I2 plants but not in plants silenced for Prf expression ( Fig. 4a ; induced PR1 mRNA expression in wild-type is observed at longer exposures). Salicylic acid levels were 2-to 3-fold higher in I2 plants compared with wild-type. Similar levels of salicylic acid were found in wild-type plants induced for SAR with DC3000 (Fig. 4b) . To test whether increased levels of salicylic acid are required for Prf-enhanced resistance, the salicylic acid-degrading enzyme salicylate hydroxylase (24) (NahG) was introduced into I2 plants (see Materials and Methods). I2͞NahG plants were fully susceptible to P. s. tomato T1 (Fig. 4c) . Furthermore, the level of salicylic acid in I2͞NahG plants was below the level of uninduced 76R plants (Fig. 4b) , confirming that increased salicylic acid levels are required for Prf-mediated enhanced resistance.
Transgene-Induced SAR Leads to Resistance to a Number of Previously Virulent Pathogens of Tomato. Because SAR appears to be constitutively active in plants that overexpress Prf mRNA, we tested I2 plants for enhanced resistance to additional pathogens. Although SAR provides resistance to a broad range of pathogens, a number of pathogens appear to be unresponsive to SAR resistance (3) . Currently the spectrum of pathogens limited by SAR in tomato is not known. I2 plants were resistant to all pathogens tested (Fig. 5) , except S. lycopersici, a fungal pathogen of tomato (data not shown).
Growth of X. c. vesicatoria, a foliar bacterial pathogen, was reduced Ϸ100-fold in I2 plants (Fig. 5a ) and disease symptoms associated with this pathogen were reduced in I2 plants (Fig.  5b) . R. solanacearum is a vascular bacterial pathogen that multiplies in the xylem, and moves systemically, resulting in wilt symptoms that can ultimately kill the plant. I2 plants restricted bacterial spread to the point of vascular inoculation, whereas wild-type plants allowed spread of the bacteria 15 cm up the stem (Fig. 5c) . We quantified bacterial titers in the stems and demonstrated that I2 plants reduced bacterial growth 1,000-fold at 9 cm distance from the inoculation point as compared with wild-type. Disease symptoms caused by R. solanacearum include leaf chlorosis and wilting. These symptoms were reduced in I2 plants (Fig. 5d) . TMV, a single stranded RNA virus, rapidly spreads throughout the plant from the initial inoculation point. This systemic spread was suppressed in I2 plants, as assayed by levels of viral RNA in upper uninoculated leaves (Fig. 5e) . The mosaic symptoms caused by this virus also were reduced in upper leaves of I2 plants (Fig. 5f ). In summary, we observed 100-to 1,000-fold reductions in pathogen titers of the various pathogens tested, suggesting that Prf overexpression may prove useful in generating durable field resistance to a broad range of pathogens.
DISCUSSION
We have shown that resistance to a broad spectrum of pathogens can be achieved by the overexpression of Prf mRNA, a component of the Pto resistance pathway. By testing markers of SAR, we have demonstrated that this resistance is most likely a function of constitutively activated SAR. This data suggests that the overexpression of Prf can activate this defense pathway independent of fenthion or avrPto. Furthermore, the overexpression of Prf leads to increased sensitivity to fenthion, but has no effect on avrPtospecified resistance. The response to fenthion suggests that Prf is a limiting factor in this resistance pathway. However, if this is the case, there should be an effect of overexpression of Prf on avrPto-specified resistance. Prf overexpression may increase the response to avrPto; however, it could be that the level of bacterial resistance specified by avrPto recognition is already functioning at its maximum level in the wild-type situation.
Mutations that lead to constitutive SAR often have yieldreducing pleiotropic phenotypes such as the development of lesions on the leaves of the plant or dwarfism (45) . The development of cell death lesions in these mutants has been shown to be a function of the activation of the HR (31, 32) . Cell death and the induction of SAR are associated with the activation of the Prf pathway through the recognition of the elicitors AvrPto and fenthion. However, the activation of this pathway through the overexpression of Prf mRNA does not lead to either macroscopic or microscopic HR, although it does lead to the activation of SAR. The induction of SAR has been hypothesized to be dependent on the activation of the HR. This data suggests that the activation of SAR is independent of cell death. The signaling leading to HR may be activated in plants that overexpress Prf mRNA, but the threshold of activation could be insufficient for HR induction but sufficient for the activation of SAR. An alternative explanation is that SAR and HR are induced by the action of two separate pathways, both of which are normally activated after the recognition of an avirulence component, but only the SAR pathway is activated by Prf overexpression. This hypothesis is supported by the apparently separate functions of the Pto interactors Pti1 and Pti4͞5͞6. Pti1 appears to be involved in the activation of the HR (46), after recognition of AvrPto, whereas Pti4͞5͞6 are transcription factors that are proposed to activate the expression of the PR genes (47) .
The induction of SAR without deleterious side effects makes Prf-mediated transgenic SAR a target for the production of broad spectrum-enhanced resistance in agricultural crops. This is especially important in regards to X. c. vesicatoria and R. solanacearum because both of these pathogens cause serious diseases in tomato for which there is no effective genetic resistance. The hypothesis that Prf overexpression can generate transgenic SAR in additional crop plants is being currently tested. Genetic engineering holds the key for future agriculture, and the development of broad spectrum resistance may have major implications for world food production.
